A retrospective study of 1727 cases of craniosynostosis was undertaken to determine the interrelationship between abnormal cerebrospinal fluid (CSF) hydrodynamics and craniosynostosis.
increase in hydrodynamic problems among patients with syndromic craniosynostosis compared with patients with nonsyndromic craniosynostosis has been noted, [4, 9, 23] and in the present study we examine the differing causative factors responsible for this.
There are two ways in which intracranial CSF volume may be increased: dilation of the ventricular cavities and dilation of the pericerebral spaces. Both of these may be observed either before or after craniofacial surgery, and both may be static or evolve to cause symptomatic intracranial hypertension. Each of these variations is correlated with types of craniosynostosis in the present article.
CLINICAL MATERIAL AND METHODS
The cases of 1727 children evaluated for craniosynostosis at the Hôpital Necker-Enfants Malades from 1976 to 1996 were retrospectively reviewed. The patients were divided into two groups: nonsyndromic craniosynostosis (695 scaphocephalies, 208 plagiocephalies, 241 trigonocephalies, 136 oxycephalies, 91 brachycephalies, 60 complex or unclassifiable craniosynostoses, [2] and 16 lambdoid suture synostoses) and syndromic craniosynostosis (86 Crouzon's, 77 Apert's, 40 Saethre-Chotzen, and 18 Pfeiffer's syndromes, 16 craniofrontonasal dysplasias, and 43 others). Three hundred forty-five cases of occipital plagiocephaly without suture synostosis that were believed to be caused by positional molding and patients with shunt-induced craniosynostosis were not included in this study.
In all cases the craniosynostosis was diagnosed after clinical and radiographic assessment (including plain x-ray films, cephalometric radiographs, and computerized tomography [CT] scans). The majority (70%) of patients with syndromic craniosynostosis also underwent magnetic resonance (MR) imaging and some (40%) of them underwent angiography or MR angiography as well. Magnetic resonance imaging and MR angiography have been performed in all cases of syndromic craniosynostosis since 1990. These examinations are performed at presentation in new cases or during outpatient clinic visits in patients seen for longer periods. Before 1990, angiography or sinusography was performed in all patients with hydrocephalus, papilledema, or increased intracranial hypertension at the time of ICP recording. The majority of patients (1297) were treated surgically for their cranial deformity; all of these patients underwent at least one CT study in the immediate postoperative period. Most surgical patients (95%) were followed once a year for 5 years (mean follow up 4.2 years). Hydrocephalus was diagnosed by clinical progression (progressive head enlargement or intracranial hypertension) associated with one imaging study (CT or MR imaging) showing ventricular dilation and periventricular lucency in patients who exhibited hydrocephalus at presentation. In cases of patients who developed hydrocephalus during the follow-up period or after craniofacial surgery, hydrocephalus was diagnosed by two subsequent imaging studies showing increasing ventricular dilation and the appearance of periventricular lucency associated with clinical signs of increased intracranial hypertension (progressive head enlargement, intracranial hypertension, or tension at the craniectomy sites). A diagnosis of jugular foramen stenosis was made when a lateral imaging view showed a decreased diameter in both venous sinuses at the junction with the jugular vein that was associated with significant collateral venous drainage at the level of the dura of the posterior fossa or around the jugular bulb and/or significant transdiploic venous drainage (Fig. 1) . 
RESULTS
A summary of the data is shown in Table 1 .
Nonsyndromic Craniosynostosis
Of the 1447 cases of nonsyndromic craniosynostosis, four patients (0.28%) presented with progressive ventricular dilation that required shunt insertion (one patients with brachycephaly, one with oxycephaly, and two with complex craniosynostosis). The patient with brachycephaly required the placement of a ventriculoperitoneal (VP) shunt 15 months after undergoing craniofacial surgery. One patient with a complex case of craniosynostosis presented with chronic tonsillar herniation and severe stenosis of both jugular foramina. A lateral sinus-jugular vein bypass failed to control the hydrocephalus and she required placement of a VP shunt 1 year before she underwent craniofacial surgery. A second patient with complex craniosynostosis presented with chronic tonsillar herniation, jugular foramen stenosis, and severe ventricular dilation. This patient also required shunt insertion. The patient with oxycephaly had chronic tonsillar herniation and jugular foramen stenosis. A shunt was placed 5 months after this patient underwent craniofacial surgery (Fig. 1 ).
In the same group, nine patients (0.6%) presented with a pericerebral fluid collection that required placement of a subduroperitoneal shunt (three patients with scaphocephaly, three with brachycephaly, two with trigonocephaly, and one with complex craniosynostosis). In all of these cases, the pericerebral fluid collection appeared or increased after the patient had undergone craniofacial surgery and required shunt placement because of symptoms of intracranial hypertension (three cases) or bone resorption at bulging craniectomy sites (six cases).
Four patients developed incidental hydrocephalus and, therefore, were excluded from the study: one patient with a myelomeningocele, one with an intraventricular hemorrhage, and two after contracting from meningitis. In all of these cases the craniosynostosis was already present at the time of the diagnosis of hydrocephalus; thus, it was possible to rule out a shunt-induced craniosynostosis.
Syndromic Craniosynostosis
In 280 cases of syndromic craniosynostosis, 34 patients (12.1%) required surgical treatment for progressive ventricular dilation (22 cases of Crouzon's, five of Apert's, five of Pfeiffer's, and one case of Opitz syndromes, and one case of complex craniosynostosis) (Fig. 2) . Eight patients (2.8%) were treated for progressive pericerebral fluid collection by insertion of a subduroperitoneal shunt (four cases of Apert's, three of Crouzon's, and one case of Antley-Bixler syndromes). Forty-four patients showed evidence of nonprogressive ventriculomegaly (30 cases of Apert's and 14 of Crouzon's syndromes) and 33 cases (all cases of Apert's syndrome) presented with nonprogressive dilation of the subarachnoid or subdural spaces. Crouzon's Syndrome. Hydrocephalus was present before procedures for frontal advancement or cranial vault remodeling were undertaken in 12 of 22 cases and required insertion of a shunt system in the patient at a mean age of 9 months (range 4-31 months). All these patients had coronal (four cases), sagittal (two cases), or both coronal and sagittal (three cases) sutures open at the time of the radiological diagnosis of ventricular enlargement. For three patients in whom the shunt placement had been performed at other institutions, original x-ray films were not available. In the other 10 patients, the hydrocephalus developed after the craniofacial surgery, with a mean delay of 6 months (range 9 days-12 months). All but one of these patients had a more severe form of craniosynostosis with early complete closure of coronal and sagittal sutures.
All of the patients suffering from Crouzon's syndrome with hydrocephalus were treated by placement of a VP shunt, except for two patients who were treated by a venous bypass (between the transverse sinus and the jugular vein) as previously described. [25] In one of these cases, this form of treatment was effective and stabilized the hydrocephalus (with a 13-year follow up), whereas in the other case it proved necessary to insert a VP shunt shortly after the operation because of persisting intracranial hypertension and despite the fact that the venous bypass was still functioning. [25] Magnetic resonance imaging revealed chronic tonsillar herniation in all but one patient. Thirteen of 16 angiographic studies revealed jugular foramen stenosis; the remaining three studies were normal.
Fourteen patients with increased
Three patients underwent placement of a subduroperitoneal shunt for progressive enlargement of the pericerebral spaces with bulging craniectomy sites and bone resorption 1, 2, and 3 months, respectively, after frontal and vault remodeling (Fig. 3) . Apert's Syndrome. In Apert's syndrome, progressive hydrocephalus that required shunt insertion was seen in only five cases. Nonprogressive ventricular dilation was present before craniofacial remodeling in 18 cases, whereas it appeared only after craniofacial surgery in 12 cases. Thirty-seven patients showed dilation of the pericerebral spaces after forehead advancement. This resolved spontaneously over several weeks in 33 cases, whereas subduroperitoneal shunt insertion was required in the remaining four cases (Fig. 4) . Magnetic resonance imaging revealed chronic tonsillar herniation in only one patient not affected by hydrocephalus. Angiography was performed in 13 patients and revealed jugular foramen stenosis in seven cases. Of the five patients with hydrocephalus, arteriography was performed in only one case, revealing jugular foramen stenosis. 
DISCUSSION
The series reported here includes all patients with craniosynostosis seen at our institution over a 20-year period. Analysis of the clinical data confirms that several types of disturbance in CSF hydrodynamics can be observed in patients affected by premature synostosis of the cranial sutures. In patients affected by nonsyndromic craniosynostosis, dilation of the cerebral ventricles occurs with the same frequency as that observed in the normal population. [1] All four instances es we observed occurred in patients with multisuture or complex craniosynostosis. Neuroradiological examination showed chronic tonsillar herniation and jugular foramen stenosis in three patients; the CT scans obtained at the level of the foramen magnum in the fourth patient were uninterpretable and no angiographic study was performed.
In contrast, ventriculomegaly (either stable or progressive) and/or dilation of the subarachnoid spaces was a relatively common finding in patients with syndromic craniofacial synostosis.
The role of venous hypertension as a pathophysiological mechanism in hydrocephalus in patients with craniosynostosis has previously been described. [25] Venous hypertension induced by jugular foramen stenosis results in a higher CSF pressure being required to maintain the CSF outflow balance. [8, 25] The effect of this depends on the degree of cranial compliance. In infants and children with open sutures, increased ICP induces progressive head enlargement, resulting in dilation of ventricles and subarachnoid spaces. At the same time collateral venous pathways progressively develop and usually allow a new status quo to develop. A useful clinical model of this situation is seen in achondroplasia, in which jugular foramen stenosis (secondary to chondrocranial sutures synostosis) leads to rapidly progressive macrocrania with dilation of the ventricular and subarachnoid spaces in the first few months of life. [20] This stabilizes between the 4th month and the 2nd year of life [20] as a consequence of the formation of new collateral veins and because of cranial ossification. This explains the fact that patients with achondroplasia rarely require CSF diversion. [20] However, if the venous obstruction occurs abruptly in this age group, the sudden rise in CSF pressure may result in progressive hydrocephalus and intracranial hypertension. Clinically, this situation is mirrored in the occasional case reports of hydrocephalus secondary to vena cava obstruction. [10, 12, 27] In contrast, in adults with nonexpansive skulls, venous hypertension results in increased ICP with normal-sized or small ventricles, as seen in some cases of pseudotumor cerebri. [21, 25] Crouzon's Syndrome In Crouzon's syndrome, a complex succession of events takes place in the first 2 years of life. The progressive fusion of cranial base synchondroses produces alterations in the skull base [14] and stenosis of the jugular foramina. The resulting venous hypertension leads to increased CSF hydrostatic pressure. At the same time, the shape of the head will be determined by the pattern of premature fusion of the cranial vault sutures. This too may play an important role by potentially altering venous and CSF flow, as seen with early involvement of the lambdoid sutures in which crowding in the posterior fossa may increase venous outflow resistance by compressing the sigmoid sinus[13, 17, 19] and hindbrain herniation may increase CSF outflow resistance. [4, 11] Whatever the nature of the primary events that lead to increased CSF outflow resistance, in the present series clinical presentation could be divided into two groups: one group of patients with normal-sized or small ventricles that progressively increased after forehead advancement and cranial suture release, and a second group in which ventriculomegaly was noted prior to craniofacial surgery. Simultaneous or sequential involvement of the coronal and sagittal sutures may account for these differences in clinical presentation. In patients with early simultaneous involvement of these sutures a "pseudotumor-like" state may develop, with intracranial hypertension and normal-sized or small ventricles, due to a lack of skull vault compliance. After cranial remodeling and suture release, the ventricles would be free to enlarge and progressive hydrocephalus might occur (Fig. 1A-C) . Patients presenting with a delayed or sequential synostosis of the coronal and sagittal sutures may present with varying degrees of ventricular dilation depending on the residual skull vault compliance (Fig. 5) . Certainly, in the present series, all patients with Crouzon's syndrome who exhibited progressive hydrocephalus after craniofacial surgery were affected by a more severe form of the condition, with early fusion of the sagittal and both coronal sutures. Additionally, all patients noted to have ventricular enlargement prior to craniofacial surgery had open coronal or sagittal sutures at presentation (Fig. 5) . In some cases of mild preoperative ventriculomegaly there was no progression after craniofacial surgery. Similarly, there were other patients with normal ventricles preoperatively who showed mild, nonprogressive ventricular dilation after the craniofacial procedure. These patients were never symptomatic and required no intervention. It may be that these patients had less severe venous obstruction or developed better collateral vessels, allowing for a new status quo to be achieved.
The only exception in the present series was a patient with bicoronal and bilambdoid synostosis who had an open sagittal suture at the time of forehead advancement (age 2 months); angiography at this time revealed normal venous outflow. The patient underwent facial advancement at the age of 7 months and developed hydrocephalus at the age of 11 months. We postulate that this patient did not develop ventriculomegaly before the craniofacial surgery, in spite of the patent sagittal suture, because he was treated at such an early age (2 months), when the venous hypertension had not yet developed.
Kleeblattschädel
In the present series, cloverleaf skull deformity was observed in three cases of Pfeiffer's syndrome, one case of Crouzon's syndrome, and two cases of syndromic craniosynostosis that, to date, remain unclassified. This severe type of cranial abnormality has all the factors potentially responsible for ventricular dilation and, therefore, it is not surprising that this group of patients is at particular risk of developing hydrocephalus. [3, 26, 28, 29] Perinatal fusion of multiple sutures results in a significant reduction in intracranial volume, especially of the posterior fossa. [29] Venous outflow is severely impaired, with significant stenosis or obstruction of the jugular foramina and development of a collateral circulation based at the level of the occipital foramen or through the calvaria via the subcutaneous tissues. [28] Significant hindbrain herniation has been found in all of the patients (in the present series and in others [3, 10, 28, 29] ) along with severe crowding in the posterior fossa, resulting in brainstem compression and deformation of the fourth ventricle. Occasionally, we have observed hydrocephalus and hindbrain herniation develop some months after birth. [3] The question arises as to whether the hydrocephalus is the consequence of the progressive obliteration of the CSF spaces due to posterior fossa changes [29] or whether it is induced by venous hypertension related to jugular foramen stenosis. [25] As with Crouzon's syndrome, the pathophysiological mechanisms are probably multifactorial and there is evidence in the literature of both communicating and obstructive hydrocephalus being associated with the morphological appearance of cloverleaf skull. [26] Apert's Syndrome Because Apert's syndrome differs from Crouzon's syndrome in several aspects, it is not surprising that the pathophysiological mechanism of the dilation of the CSF spaces also differs. Although the bicoronal synostosis may be severe and may be seen very early, [4, 14] sagittal and lambdoid suture involvement is rare and usually late. In fact, it is not uncommon for the sagittal suture to remain abnormally wide for several years after birth in children with Apert's syndrome. [5] Additionally, fusion of the cranial base synchondroses occurs later than in Crouzon's syndrome with less cranial base deformity [14] and, hence, less severe venous hypertension. Magnetic resonance imaging studies have also noted cerebral structural changes with frequent abnormalities of the septum pellucidum and the corpus callosum. [22] These differences result in a normal-sized or large posterior fossa [4, 24] without hindbrain herniation. [4, 22] Nonetheless, jugular foramen stenosis does occur, although in our angiographic studies, this was less frequent and less severe than in Crouzon's syndrome. This moderate venous hypertension, in the setting of large open sutures, may explain the fact that ventricular dilation is a frequent event in Apert's syndrome, but is rarely progressive.
CONCLUSIONS
Hydrocephalus is a rare event in cases of nonsyndromic craniosynostosis and never occurs in cases of single-suture synostosis, other than by coincidence. In contrast, hydrocephalus is a relatively frequent finding in cases of syndromic craniostenosis, especially in those of Crouzon's and Apert's syndromes, and is a constant finding in cases of kleeblattschädel deformity. Jugular foramen stenosis and crowding of the posterior fossa are probably the two main factors responsible for hydrocephalus in cases of Crouzon's syndrome and kleeblattschädel deformity. Ventricular dilation may reflect a more widespread brain malformation in Apert's syndrome, although jugular foramen stenosis can occasionally induce progressive hydrocephalus.
Significant pericerebral fluid collections that require placement of a shunt are occasionally observed postoperatively in cases of nonsyndromic craniosynostosis. However, dilation of the subarachnoid spaces, both pre-and postoperatively, is a frequent finding in Apert's syndrome and might be a result of a primary brain abnormality that causes slow brain reexpansion after cranial vault remodeling.
